Abstract: A new method for remote wideband microwave frequency measurement utilizing a single-passband microwave photonic filter is proposed, theoretically analyzed, and experimentally demonstrated. The frequencies of the input microwave signals can be measured by monitoring the maximum output microwave power while scanning the central frequency of the single-passband microwave photonic filter. The parameters of the filter have also been analyzed to optimize the frequency measurement performance. The proposed frequency measurement technique is easy to implement, capable of measuring frequencies of multiple microwave signals.
Introduction
Microwave photonic technology has been a hot research topic for more than two decades due to the inherent advantages of photonics, such as high bandwidth, low loss, immunity to electromagnetic interference, the ease of the integration of fiber communication systems and sensor systems, and so on [1] , [2] . Along with the development of microwave photonic technology, it has been applied to realize many functions, such as microwave photonic filters, microwave signal generation, optically controlled phased-array antennas, photonic analog-digital conversion, and so on, all of which shows more desirable performance, e.g., larger bandwidth, light weight, and overcoming the bottleneck of the electrical methods.
Recently, the photonic technique of measuring the frequency of microwave signals has attracted a lot of research attentions, aiming to develop ultrawideband microwave spectral analyzers (especially for the millimeter and terahertz band). This technology is particularly interesting in radio astronomy, spectrometry, radar warning receivers, electronic warfare applications as well as a new approach to microwave instrumentation [3] , [4] . The photonic methods of measuring frequency of microwave signals are especially suitable for the electronic warfare applications, as in this way, the signal can be received in the remote end and transmitted via a fiber link to the central station where the frequency is measured, and thus make the central station safe from the hostile forces. Different innovative architectures have been reported to implement the frequency measurement of microwave signal [5] - [7] , e.g., Li et al. proposed a photonic approach of instantaneous measurement of microwave frequency based on optical monitoring using a fiber Bragg grating (FBG) [5] , Niu et al. implemented instantaneous microwave frequency measurement based on amplified fiber-optic recirculating delay loop and broadband light source [6] , and Li et al. proposed a frequency measurement with an adjustable measurement range by adopting stimulated Brillouin scattering [7] . For most circumstances of the microwave frequency measurement, the amplitude comparison function (ACF) method is used to establish the relationship between the radio frequency (RF) to be measured and the optical powers, and the frequency measurement range and the resolution are limited to the amplitude response. In this paper, we propose a remote wideband microwave frequency measurement based on a single-passband microwave photonic filter. Due to the continuous sampling, this filter enjoys single-passband frequency response [8] , [9] , and by monitoring the maximum output power of microwave signals while scanning the central frequency of the passband, the microwave signal frequency can be measured. The characteristics of the filter have been theoretically analyzed to optimize the frequency measurement performance. This microwave frequency measurement technique shows good application potential in the wideband microwave spectral analyzers and remote spectral measurement of microwave signal in the warfare systems.
Operating Principle and Experiments
The schematic diagram of the proposed remote wideband microwave frequency measurement based on a single-passband microwave photonic filter is shown as Fig. 1 . The light from BBS is sliced by a comb filter to generate a continuous distribution of light source. The comb filter can be implemented by a Sagnac interferometer based on a PM fiber or a Mach-Zehnder interferometer, whose filter spectra have a cosine-like continuous distribution. In our implementation, we use an FMZI as the slicing comb filter. After the comb filter, the light is amplified and sent to the remote end. In the remote end, the microwave signal to be measured is received by the antenna and modulated onto the light from the central control via a phase modulator (for the suppression of the baseband resonance) after amplification. The modulated light is transmitted back to the central control through a fiber link, which functions as a dispersive medium at the same time. In the central control, the modulated signal is detected by a PD, and the recovered power can be monitored by the microwave power meter after amplification and be processed and analyzed.
The amplitude response after the O/E conversion can be expressed as [10] , where Sð!Þ is the spectrum of the BBS, and T ð!Þ is the intensity transmission response of the comb filter. Hð!Þ ¼ jHð!Þj e ÀjÈð!Þ is the transfer function of the fiber link, and the phase dependence is expressed with the following Taylor expansion centered at ! 0 ,
where g is the group delay, is the dispersion, and is the dispersion slope of the fiber used as the dispersive medium whose length is L. The center frequency of the passband is determined by the delay time of the dispersive medium as (3), where Á! is the frequency spacing of the comb filter, by tuning which the center frequency passband can be tuned accordingly.
In our experiment, we use an FMZI as a comb filter, whose structure is shown in the inset block of Fig. 1 . The FMZI is composed of two optical coupler, C-1 and C-2. One output of C-1 is connected to one input of C-2 with an OVDL (General photonics, MDL-002, tuning range of 0-170 mm), and the other output of C-1 is connected to a PC and then to the other input of C-2. The resolution of our commercially available OVDL is AE0.01 ps (or AE3 m), which corresponds to the central frequency tuning error of $ 10 À2 Hz order [8] . The length of OVDL can be tuned to change frequency spacing of the comb filter, and thus the central frequency of the filter's passband. The measured relationship between the central frequency of the passband and the length of OVDL is shown in Fig. 2 ; the inset shows the tuning frequency response of the single-passband microwave photonic filter. The microwave signal to be measured is modulated onto the sliced BBS light in the remote end, and the length of OVDL is scanned to monitor the maximum output power, which can be obtained when the central frequency is matched with the frequency of the microwave signal to be measured. The experimental results of the microwave frequency measurement are shown in Fig. 3 . The frequency measurement result is shown as the black solid squares, while the measurement error is shown in blue diamonds, from which we can see that the frequency measurement accuracy of a single microwave signal is around the order of tens of megahertz in the 0.4-1.6-GHz range. The measurement errors come from the instability of the FMZI and the amplifier and other powersensitive elements in the remote end of the frequency measurement system. Integrated MZI and components with high performance and reliability can be employed for better measurement accuracy and other performances.
Discussions
The bandwidth of the single-passband filter is a critical characteristic for the resolution of multifrequency signal measurement of our setup. For better measurement resolution, a microwave photonic filter with narrower bandwidth is desirable, which can be achieved by the cascading of microwave photonic filters [11] or carefully designing the parameters of the microwave photonic filter, such as the dispersion slope, fiber length, the optical source characteristics, and so on. From the frequency response in the inset of Fig. 2 , one can see that the bandwidth of the filter's response turns larger with the increased central frequency. In our experiment, the 3-dB bandwidth when the central frequency of the single passband is at 1.54 GHz is 85 MHz, and it decreases when the central frequency of the passband gets smaller. We have simulated the evolution of frequency response and bandwidth with the tuning of filter's the central frequency. In the simulation, we assume that the broadband optical source has a Gaussian-like profile centered at 1550 nm, and the 3-dB bandwidth is 10 nm. The dispersion coefficient has a value of À20 ps 2 =km, and the dispersion slope has a value of 0.06 ps 3 =km. The relationship of the filter's bandwidth of the passband and the central frequency is shown in Fig. 4 , and the filter's frequency response is shown in the inset. We can tune the filter's central frequency with two methods: 1) changing the optical path difference of two arms of the FMZI, thus changing the wavelength difference of the slicing comb filter, and 2) varying the length of fiber as a dispersive element. We simulate the frequency responses in both two methods. The black squares in Fig. 4 show the results for the former method, as the red circles are for the latter one, from which one can see that filter's bandwidth increases with the central frequency for both methods; however, with the latter method, i.e., the central frequency changes by varying the fiber length, the bandwidth enjoys a heavier broadening than the former method, i.e., by changing the wavelength difference of the slicing comb filter.
For a fixed central frequency, the passband's bandwidth gets narrower with the decreased dispersion slope of the dispersive element, such as a coil of fiber [12] . So, to maintain the bandwidth with the central frequency scanning, a special designed dispersion element with tunable dispersion slope, such as a nonlinearly chirped FBG, can be inserted into the measurement system; while measuring the microwave frequency, the filter's central frequency is scanned by tuning the length of the OVDL, and the dispersion slope of the dispersive element can be tuned to compensate for the first-order dispersion-induced bandwidth broadening. In our simulation, we apply a linear change in the dispersion slope, e.g., in a given frequency range, the dispersion slope decreases linearly with the increasing of the central frequency. Fig. 5 shows the results for two different circumstances; for the red circles, the dispersion slope changes from 0.06 ps 3 =km to 0.03 ps 3 =km linearly with the increased optical path difference from 1 mm to 6 mm (thus the central frequency); the black squares are for the linear change in dispersion slope of 0.06 ps 3 =km to 0.035 ps 3 =km with the same optical path variation. One can see that the bandwidth broadening is well suppressed, and the dispersion slope change for the second one gives better performance than the first circumstance.
Conclusion
In this paper, we have proposed a new approach for the remote broadband microwave frequency measurement based on a continuously tunable single-passband microwave photonic filter implemented with a continuous sampling slicing source by a fiber comb filter and a dispersive medium. By scanning the OVDL in the fiber comb filter, and monitoring the maximum signal power, the microwave signal frequency can be measured. In our experiment, we implemented the frequency measurement with an FMZI as the comb filter and a coil of fiber as the dispersive medium. We have tested the microwave signal range of 0.4-1.6 GHz, and an error of less than 0.06 GHz has been obtained. The filter's bandwidth characteristics have been analyzed; the broadening of its bandwidth has been compensated by the optimization of the dispersion slope of the dispersive medium. Although it is not an instantaneous measurement technique, it has the advantage of multifrequency signal measurement and analysis and can be applied for remote wideband and multiple frequency microwave signal measurement. For multiple frequency signal measurement, the measuring resolution is decided by the filter's bandwidth, and to further narrow the bandwidth, the cascaded filter structure can be adopted. The proposed microwave frequency measurement method shows good potential in the application in wideband photonic electrical spectral analyzer and remote spectral measurement of microwave signal in the warfare systems. 
